Caspases are a family of intracellular cysteine proteases that recognize certain tetrapeptide motifs and cleave after an aspartate residue in their substrates. Once activated by a specific stimulus, caspases execute limited proteolysis of downstream substrates to trigger a cascade of events that culminates in the desired biological response. Caspases are recognized as key mediators of several biological processes including apoptosis (programmed cell death), necrosis, proliferation, differentiation and inflammation.
In 1993, the discovery of the Caenorhabditis elegans cell death gene ced-3, which shares homologies with caspase-1 and is involved in programmed cell death taking place during the development of this nematode, indicated that caspases might play fundamental roles in apoptosis [5] . Further demonstration that the overexpression of caspase-1 is able to induce apoptosis in mammalian cells [6] and finally the characterization of caspase-3, as a critical mediator of the endogenous apoptotic pathway in mammalian cells [7, 8] , literally propulsed the caspases into the field of apoptosis [9, 10] . Worth a notice, although the first indications that caspases are important mediators of inflammatory responses, the vast majority of research has been pursued on their function during apoptosis. As an illustration, to date (by July 2012) the words 'caspase AND inflammation' used as search terms recover 3,374 hits in Pubmed, as compared to the 44,403 hits if 'caspase AND cell death' are used as key words.
To date, 14 mammalian caspases have been identified. They all have been attributed a number assigned based on their date of publication [11] . The human genome was found to encode 11 or 12 caspases (caspase-1 to caspase-10 and caspase-14 and caspase-12 depending on certain hereditary polymorphisms), whereas 10 caspases were found to be encoded by the mouse genome (caspases-1, -2, -3, -6, -7, -8, -9, -11, -12 and -14). Sequence analysis suggests that both human caspase-4 and caspase-5 most probably arose following the duplication of a caspase-11 ancestor gene [12] . The human caspase-12 gene is subject to polymorphism, which can generate a fulllength caspase protein or a truncated form. The fulllength form appears to be confined to people of African descent [13] . Human caspase-10 has no known orthologue in mice [14, 15] . Caspase-13 turned out to be a bovine homolog of human caspase-4 [16] .
Caspase family members share a number of distinct features. In fact, the name 'caspase' is a contraction of c ysteine-dependent asp artate-specific prote ase and was chosen to reflect their enzymatic properties. Caspases are governed by a dominant specificity for protein substrates containing aspartate and by the use of a cysteine side chain for catalyzing peptide bond cleavage [11, 17] . The use of the sulfur atom in the cysteine residue to cleave polypeptide chains is common to several protease families. However, the strong preference of these proteases for substrate cleavage after an aspartate residue turns out, with the exception of the serine protease granzyme B, to be very rare among the protease kingdom.
Caspases are regulated at a posttranslational level, ensuring that they can be rapidly activated. All of the enzymes are synthesized as 'procaspases', zymogens which are relatively inactive. The procaspase consists of a short or long prodomain together with one large (approx. 20 kDa) and one small subunit (approx. 10 kDa). Procaspases-3, -6, -7 and -14 contain a short prodomain, whereas the other procaspases carry a long prodomain that is involved in protein-protein interactions. Procaspases-1, -2, -4, -5, -9, -11 and -12 possess in their prodomain a caspase activation and recruitment domain (CARD), whereas procaspases-8 and -10 carry a tandem of 2 death effector domains (DED). These CARD and DED domains are thought to mediate the assembly of large signaling complexes which regulate the activation of these caspases [18] . The active site of the enzyme contains an invariant cysteine residue in the sequence QACXG (where X is R, Q or G) in the larger subunit, while the smaller subunit determines substrate specificity. Caspase enzymes are activated through proteolytic cleavage events at two sites: one site between the prodomain and the large subunit and another site between the large subunit and the small subunit. Caspase zymogens are autocleaved by scaffold-mediated transactivation or processed by upstream caspases [19] . An active enzyme is formed by a heterotetramer of two small and two large subunits [20] .
Once activated, caspases cleave a variety of intracellular polypeptides and a large number of proteins have been reported to be caspase substrates [21] [22] [23] . The proteolytic cleavage can either lead to the functional inhibition or to the activation of these substrates. As mentioned above, many caspases can also propagate proteolytic activation of other family members by processing their proform through cleavage at specific aspartate residues. Caspase subtrates include major structural elements of the cytoplasm and nucleus, regulators of transcription/translation, components of the DNA repair machinery, kinases and signaling intermediaries. Caspases are almost never associated with nonspecific degradative processes, but rather with signaling events. Caspases transmit downstream signals by specific limited cleavage of key cellular components that galvanize a certain pathway.
Different Playing Fields: Classification of Caspases
During the mid-1990s, facing an increasing number of identified enzymes sharing homology with the interleukin-1β-converting enzyme/ ced-3 proteases, researchers in the field decided upon a nomenclature for the caspases [11] . It was also clear at that time that caspases are essential for the initiation and execution of apoptosis and for the processing and maturation of the inflammatory cytokines [24] . As a result, multiple attempts have been undertaken to classify the different mammalian family members into different subgroups based on multiple criteria, i.e. phylogenetic relationships [25, 26] , prodomain length, substrate preference [27, 28] and functions ( fig. 1 ). Phylogenetic analysis based on amino acid sequence comparison suggested the existence of 3 'clusters': cluster I (caspases-1, -2, -4, -5, -12 and -14), cluster II (caspases-3, -6 and -7), and cluster III (caspases-8, -9 and -10) [25, 26] . On the basis of different optimal cleavage substrate motifs in vitro, caspase groups have also been proposed [27, 28] ; however, it is argued that this may not reflect the real caspase substrate preference in vivo and therefore should be used with caution (for a review, see Pop and Salvesen [29] ). Based on the length and structural organization of the amino-terminal prodomain, caspases-3, -6, -7 and -14 are short prodomain proteases, whereas all others have a long prodomain folding into CARD (caspases-1, -2, -4, -5, -9, -11 and -12) and DED(caspases-8 and -10).
For the purposes of this review, we will focus on the classification of caspases based on their presumptive functions and location in different signaling pathways. In practice, 3 major groups of caspases are presented: group I, inflammatory caspases; group II, apoptosis initiator caspases, and group III, apoptosis effector caspases. Caspase-14 is a unique caspase as it does not belong to either of the above-mentioned groups and is involved in terminal differentiation of epidermal keratinocytes [30] . Classification of caspases. a The phylogenetic relationship among caspases. Caspases segregate into two major subfamilies, the apoptotic caspases (caspases-3, -6, -7, -8, -9 and -10) and the inflammatory caspases (caspases-1, -4, -5, -11, and -12). Caspase-2 and caspase-14 form their own cluster. b Caspase protein structure. Procaspases contain a short or long prodomain connected to a catalytic domain consisting of short and long subunits. Caspases-3, -6, -7 and -14 contain a short prodomain. Other caspases carry a long prodomain containing a CARD or a tandem of 2 DED. c Classification of caspases based on their presumptive functions. Three major groups of caspases are presented. Group I: inflammatory caspases; group II: apoptosis initiator caspases; group III: apoptosis effector caspases. Caspase-14 is required for keratinocytes differentiation. During apoptosis, activated apoptotic caspases cleave selected target proteins to execute cell death and their activation is therefore often considered as a commitment to cell death [31] . The apoptotic caspases comprise 2 distinct classes: the upstream 'initiator' or 'apical' apoptotic caspases (i.e., group II caspases), which include caspases-2, -8, -9 and -10, and the downstream 'effector' or 'executioner' apoptotic caspases, which include caspases-3, -6 and -7 (i.e., group III caspases). Initiator apoptotic caspases possess long prodomains containing one of two characteristic protein-protein interaction motifs: the DED (caspases-8 and -10) and the CARD (caspases-2 and -9), providing the basis for interaction with upstream adaptor molecules and activation within large multiprotein complexes. Well-defined apoptotic caspase-activating complexes include the apoptosome (activating caspase-9), the PIDDosome (activating caspase-2), and the death-inducing signaling complex (activating caspases-8 and -10) [ 32 ] . Effector caspases cleave a wide range of distinct protein substrates in different cellular compartments and are responsible for many of the changes typical of apoptosis. They are characterized by the presence of a short prodomain and are activated when cleaved by the initiator caspases. Different proapoptotic signals activate different initiators, but all the initiators activate a common set of effectors. Two major caspase-dependent pathways of apoptosis signaling have been described which trigger cell death either by activation of death receptors at the cell surface (i.e. extrinsic pathway) or via the disruption of the outer mitochondrial membrane barrier function with the simultaneous release of proapoptotic molecules from the mitochondria into the cytosol (i.e. intrinsic pathway) [33] .
Caspases not only play an essential role during apoptotic cell death, but a subfamily of them, the inflammatory caspases (i.e., group I caspases), are associated with some of the inflammatory responses. Caspase-1 together with caspases-11 and -12 in mice and caspases-4 and -5 in humans comprise the proinflammatory caspases [34] . These caspases are characterized by the presence of a CARD in their prodomain. Of the proinflammatory caspases, caspase-1 is the most fully characterized. Its catalytic activity is tightly regulated by signal-dependent autoactivation within multiprotein complexes called 'inflammasomes' that mediate caspase-1 autocatalytic activation and the subsequent cleavage of the inactive precursors of IL-1β and IL-18 into bioactive cytokines [35, 36] . A link between caspases-4, -5 and -11 and the inflammatory responses has also been established (see below and Martinon and Tschopp [34] ). The function of mouse caspase-12 in the inflammatory response is more controversial as a role in endoplasmic reticulum (ER) stress-induced apoptosis has been reported and then neglected [37] [38] [39] . However, the observed polymorphisms in human caspase-12 could regulate the intensity of the inflammatory response and might explain differences in the morbidity and mortality in selected populations with sepsis [13] .
Thus, for many years, caspases were simply divided into 'apoptotic' and 'proinflammatory' caspases and this classification remains useful to some extent. However, increasing evidence indicates that many of these so-called apoptotic caspases also exert nonapoptotic functions (for a review, see Hyman and Yuan [40] and Venero et al.
[41] ). Similarly, typical 'nonapoptotic' members such as caspases-1, -4 and -5 are proposed to induce 'pyroptosis', a form of death associated with massive activation of inflammatory cells (for a review, see Labbe and Saleh [42] ). One may wonder if the early classification of these enzymes into 'apoptotic' and 'proinflammatory' caspases might have delayed the discovery of these novel functions outside their respective group. We will review the current knowledge on the role of the different caspase family members during inflammation and highlight in particular their role in the brain.
Playing as Defenders: The Inflammatory Caspases
Neuroinflammation is a complex innate response of neural tissue against the harmful effects of diverse stimuli within the central nervous system. Infections, trauma, stroke, toxins and other stimuli are capable of producing an acute neuroinflammatory response within the central nervous system with the activation of resident immune cells (microglia, astrocytes) and the release of inflammatory mediators such as cytokines and chemokines. Neurodegenerative disorders, including Alzheimer's disease (AD), Parkinson's disease (PD), Huntington's disease, multiple sclerosis, amyotrophic lateral sclerosis, tauopathies and age-related macular degeneration, are associated with chronic neuroinflammation [43, 44] . Chronic neuroinflammation can be seen as a long-lasting and often selfperpetuating neuroinflammatory response. Chronic neuroinflammation involves the sustained activation of resident immune cells, i.e. microglia, and consequent release of proinflammatory mediators, but also an increased oxidative and nitrosative stress which are both detrimental to the neuronal cell population.
Microglia express pattern recognition receptors (PRRs), which act as sensor for inflammatory triggers. The inflammatory response can be triggered by the recognition of several microbial signals, through conserved molecular patterns known as pathogen-associated molecular patterns [45] or intracellular molecules, normally found in the cytosol or in the nucleus, which are released from the cell after tissue damage known as danger-associated molecular patterns [46] . Pathogen-associated molecular patterns and danger-associated molecular patterns are detected by members of the Toll-like receptor (TLR) family of PRRs [47] . There are 10 functional TLRs (from TLR1 to TLR10) identified in humans and 11 (from TLR1 to TLR7, TLR9, and from TLR11 to TLR13) in mice [48, 49] . Microglia express TLR1-9; TLR1, -2, -3, -4, -5 and -6 are found on the cell surface and TLR3 and -9 on the endosomal membranes [50, 51] . The nucleotidebinding oligomerization domain-like receptor (NLR) family is a large family of cytosolic PRRs, specialized in the recognition of intracellular signals [52] . There are 22 NLR genes in the human genome and at least 34 NLR genes in the mouse genome. Once activated by the inflammatory stimuli, the PRRs (TLRs and NLRs) participate in the formation of multiprotein oligomers known as inflammasomes (see below), which orchestrates the activation of caspase-1 [53] .
For details on the different inflammasomes, i.e. NLRP1, NLRP3, IPAF and AIM2 inflammasomes, we recommend the excellent recent review by Schroder and Tschopp [35] . Importantly, strong associations between deregulated inflammasome activity, by extension of caspase-1 activity, and human inflammatory diseases highlight the importance of this signaling pathway in tailoring the innate immune response. Indeed, the significance of the inflammasome for the initiation of the inflammatory response during systemic diseases has already been shown and members of the inflammasome complex were recently found to be induced in acute brain injury. However, the specific pathophysiologic role of the inflammasome in neurodegenerative disorders still remains to be clarified (for a review, see Trendelenburg [54] ). Interestingly, recently it was found that amyloid-β fibrils can activate NALP3 inflammasomes via the lysosomal damage in mouse microglia [55] and they were proposed to contribute to AD pathology [56] .
Caspase-1 is the prototypical member of inflammatory caspases involved in cytokine maturation. This enzyme controls the processing of the inactive IL-1β precursor into a bioactive cytokine and a major mediator of inflammation [3, 4] . Activation of caspase-1 can also promote the processing of additional cytokines, i.e. IL-18 (IFN-γ-inducing factor) [57, 58] , IL-37 (previously IL-1F7b) [59] and IL-33 (nuclear factor from high endothelial venule) [60, 61] . Caspase-1 regulates both proand anti-inflammatory members of the IL-1 family. Caspase-1-dependent cut in IL-1β and IL-18 procytokines results in active mature cytokines secreted into the extracellular space which galvanize the inflammatory response. The view on the biological consequence of IL-33 cleavage by caspase-1 has changed. Whereas it was first reported that IL-33, like other IL-1 family members, requires maturation by caspase-1 for optimal biological activity [60] , it appears that caspase-1 processing results in the inactivation of IL-33, rather than its activation [61] . Full-length IL-33 signals through the IL-1 receptor-related protein ST2 and drives the production of proinflammatory cytokines. IL-33 has also been reported to be a substrate for the apoptotic caspase-3 [61] . IL-37, an anti-inflammatory member of the IL-1 family, shares substantial homology with IL-18 and binds the IL-18-binding protein; in doing so, IL-37 inhibits the activity of IL18. IL-37 also translocates to the nucleus upon maturation by caspase-1 and acts as a transcriptional modulator reducing the production of proinflammatory cytokines [62] . The reasons why caspase-1 regulates the activation and functions of both pro-and anti-inflammatory cytokines remain elusive.
Together with caspase-1, caspases-4, -5, -11 and -12 complete the inflammatory caspase subfamily. Mouse caspase-11 is an orthologue of human caspases-4 and -5 [16, 63] . Mice deficient in caspase-11 seem to resemble the phenotype of those lacking caspase-1 and exhibit resistance to endotoxic shock induced by lipopolysaccharide (LPS) [64, 65] . Recent evidence suggests that caspase-11 rather than caspase-1 could be the critical effector of deleterious inflammatory responses. Caspase-11 expression is required for caspase-1 activation and secretion of IL-1β induced by certain stimuli, called noncanonical inflammasome activation [63] . Furthermore, TRIF downstream of TLR4 activation by Gram-negative bacteria has been reported to be essential for NLRP3 inflammasome activation and coupled to caspase-11 autoprocessing and the consequent activation of caspase-1 [66] . Caspase-11 activation is also associated with the induction of caspase-1-independent cell death [63, 66] . Interestingly, caspase-11 potentially plays a role in the etiology of multiple sclerosis since oligodendrocytes from caspase-11-deficient mice are partially resistant to cytokine-induced cell death [67] .
Human caspase-4 and caspase-5 show a high degree of similarity in their protein structure and are thought to arise from tandem duplication of a caspase-11-like ances-tral gene. Expression of these 2 caspases, as caspase-11, is induced by LPS treatment [68, 69] . However, these 2 caspases display distinct features. Indeed, whereas the expression of caspase-4 is normally high in all tissues, except in the brain, the opposite is observed for caspase-5 expression levels [70, 71] . Caspases-4 and -5 are both found to be components of the inflammasome complexes [71, 72] . Caspase-5 is processed in the NLRP1 inflammasome, which also suggests that the latter might play a similar role in humans as caspase-11 in mice. Caspase-4 expression and most likely activity are required for activation of caspase-1 in the NLRP3 and Aim2 inflammasomes. Therefore, like caspase-1, these 2 caspases participate in the maturation of pro-IL-1β and pro-IL-18 [71, 72] . Thus, caspase-11 in mice or caspases-4 or -5 in humans co-operatively work with caspase-1 and might be upstream activators of caspase-1.
Caspase-12 is a player which has been placed in and out of the field of inflammation. The gene encoding caspase-12 is localized together with other genes for the inflammatory caspases in the same chromosomal region. In addition, caspase-12 shares homology with caspase-1 and was therefore classified within the subfamily of inflammatory caspases. Accumulation of unfolded proteins induces ER stress, which in turn can cause apoptosis (for a review, see Gorman et al. [73] ). Murine caspase-12 has been localized on the cytoplasmic side of the ER and study of caspase-12-deficient mice suggested that this caspase is involved in ER stress-induced apoptosis [37] . As an alternative to caspase-12 in humans, caspase-4, which also localizes to the ER, has been linked to ER stress-induced cell death [74] . Both murine caspase-12 and human caspase-4 are cleaved upon ER stress [37, 74] . In addition, the processing of caspase-12 after ER stress stimuli has been demonstrated in several disease models such as AD [37, 75] , amyotrophic lateral sclerosis [76, 77] and in prion degenerative diseases [78, 79] . As a result of these reports, the function of caspase-12 was thought to be distinct from the inflammatory response. However, already at this point it is worth noticing that recent studies indicate that ER stress is able to elicit an inflammatory response. ER stress can generate signals which alert neighboring cells and elicit an inflammatory response to prevent more extensive tissue damage. In addition, the ability of ER stress to induce an inflammatory response is linked to the pathogenesis of neurodegenerative diseases. An even greater discrepancy results from additional studies which revealed that caspase-12-deficient cells, in both humans and mice, are as sensitive to ER stress-induced apoptosis as caspase-12-proficient cells [13, 38, 39, 80] . Even the role of caspase-4 in ER stress-induced apoptosis has been questioned [38] . For human caspase-12, the synthesis of either a truncated CARD-only protein or a full-length protein results from a single nucleotide polymorphism on the human caspase-12 gene [13] . The truncated form of caspase-12 is prevalent within the human population, where only 20-30% of people of African descent express the full-length caspase-12 variant [13, 70] . Full-length human caspase-12, which was initially described as an inactive form, appears to restrain the inflammatory response. A clinical study among African Americans showed that individuals bearing the full-length caspase-12 have an increased susceptibility to sepsis [13] . Like the human fulllength variant of caspase-12, murine caspase-12 also appears to abrogate the inflammatory response. Indeed, caspase-12-deficient mice are more resistant to sepsis, and are able to clear bacterial pathogens more efficiently than wild-type mice [39] . Caspase-12 seems to exert its negative effects on inflammation through inhibition of caspase-1. Interestingly, the enzymatic function of caspase-12 is dispensable for its inhibitory effect on caspase-1. Mechanistically, caspase-12 is proposed to block caspase-1 activation acting as a decoy caspase, similar to c-FLIP, a decoy caspase-8-like protein [39] . In summary, murine and full-length caspase-12, which belong to the caspase-1-related subfamily of inflammatory caspases, should be considered as 'anti-inflammatory caspases'.
Apoptotic Caspases: Versatile Players in Regulating Brain and Peripheral Brain Responses
Increasing evidence strongly suggests that cell differentiation and apoptosis share a common origin and hence former leading players in apoptosis are becoming prominent players in cell differentiation. As an example, nuclear disruption is viewed as an irreversible step in the apoptotic process, which precedes the final physical destruction of a cell, likewise terminal differentiation of many cell types including erythrocytes, keratinocytes, and lens fiber epithelial cells is characterized by the complete removal of the nucleus [41, 81] . In fact, apoptotic caspases are emerging as the most versatile players in these two processes as accumulating evidence of nonapoptotic roles for these proteases during cell differentiation has notably increased in recent years. Supporting this view, inhibition of caspase-3 activity limits nuclear condensation and extrusion in lens fiber epithelial cells, keratinocytes, and erythrocytes, and even attenuates or inhibits the differentiation of these cell types [82] [83] [84] [85] . Of particular interest for this re- view, special relevance for the nonapoptotic roles of caspases has been found in the myeloid and lymphoid cell lineages. The first indication came from immunoblotting studies which demonstrate caspase-3 cleavage during early stages of T lymphocyte proliferation in the absence of an apparent sign of cell death [86] . Subsequent work demonstrated that caspase inhibitors could interfere with T lymphocyte proliferation [87, 88] . The autoimmune lymphoproliferative syndrome is a human disorder characterized by defective lymphocyte apoptosis, lymphadenopathy, splenomegaly and autoimmunity. Chun et al. [89] described a human kindred with an inherited genetic deficiency of caspase-8 in autoimmune lymphoproliferative syndrome. Homozygous individuals manifest defective lymphocyte apoptosis and homeostasis but, unlike individuals affected with autoimmune lymphoproliferative syndrome, also have defects in their activation of T lymphocytes, B lymphocytes and natural killer cells, which leads to immunodeficiency. With regard to the myeloid cell lineage, Sordet et al. [90] demonstrated the requirement of apoptotic caspases for the differentiation of monocytes into macrophages but not into dendritic cells. They observed limited but significant activation of caspases-3 and -9 in these cells without the presence of apoptotic features [90] . Additional studies established that caspase-8 acts as the upstream enzyme responsible for the activation of caspases-3 and -9, which in turn control the differentiation of peripheral blood monocytes into macrophages. The formation of a molecular platform including caspase-8, the adaptor protein Fas-associated death domain (FADD), the serine/threonine kinase receptorinteracting protein 1 (RIP1) and the long isoform of the FLICE-inhibitory protein FLIP were also described [91] in the process dependent on oscillatory activation of phosphatidylinositol-3-kinase and AKT [92] . Under these conditions, active caspase-8 cleaves RIP1, which in turn downregulates NF-κB during the differentiation process [91] . These studies confirmed previous findings obtained with a mouse model of conditional caspase-8 gene knockout in the myeloid cell lineage demonstrating restricted monocyte differentiation into macrophages [93] .
Microglia are believed to derive from monocytes that invade the developing central nervous system and persist over the adult life as resident macrophages [94, 95] . A recent study using fate-mapping analysis confirmed that these glial cells derive indeed from primitive myeloid progenitors that arise before embryonic day 8 [96] and that the postnatal hematopoietic progenitors do not contribute to microglia homeostasis in the adult brain. Similarities between the activated resident microglia and the peripheral macrophages are evident. Actually, any attempt to find specific molecules at mRNA or protein levels that would definitively distinguish activated microglia from other types of macrophages in their expression of surface markers has failed so far. We recently described a novel and unexpected role for caspases-8, -3 and -7 in the activation of microglia and associated neurotoxicity. This finding may be relevant in the onset of chronic neurodegenerative diseases, mainly PD and AD [97] . We will briefly summarize the main findings of the referred article. We found that activation of microglial BV2 cells with different proinflammogens including LPS (a TLR4 agonist), lipoteichoic acid (TLR2 agonist), PamC3sk4 (TLR1/2 agonist) and IFN-γ led to modest but yet significant caspase-3/7 activities in the absence of cell death (as evaluated by morphological features, mitochondrial dysfunction and PARP cleavage). Chemical inhibition of either caspases-3 or -7 in BV2 cells led to robust reduction of microglia activation in terms of iNOS induction, IKK-β expression, ROS formation and the production of certain cytokines in response to various proinflammogens. Identical results were obtained upon genetic knockdown of caspases-3 or -7, which were also associated with a reduction in the nuclear translocation of NF-κB. Altogether, these results highlight the importance for these executioner caspases in the control of microglia activation. A prerequisite for a nonapoptotic role of a killer caspase is to limit its activation and/or restrict its activity to specific cell compartments. Our data indicate that both phenomena contributed to the nonapoptotic role. Indeed, moderate caspase-3 activities were observed after stimulation with the above-mentioned proinflammogens as compared to those seen after treatment with a classical death stimulus (i.e. staurosporine treatment). In addition, cleaved caspase-3 was found to localize primarily close to the plasma membrane and was not present in the nucleus [97] . Caspase-8 was found to act as an upstream caspase in this signaling pathway, since chemical inhibition or gene knockdown using siRNAs of caspase-8 prevented caspase-3/7 activition and the subsequent appearance of typical molecular features of microglia activation. The central role for caspases-8, -3 and -7 in the regulation of microglia activation was moreover established in vivo. Single intranigral injection of LPS induces an acute inflammatory response with a strong macrophage/microglial reaction and results in the selective and progressive death of dopaminergic but not GABAergic neurons in the substantia nigra [98, 99] . Under these conditions, we observed a strong induction of caspase-8 and activation of caspase-3, which was mostly confined to reactive microg- lia as evaluated by OX-6 immunoreactivity. Intranigral administration of DEVD-fluoromethyl ketone (fmk), a caspase-3 inhibitor, or rottlerin, a PKCδ inhibitor, mitigated LPS-induced expression of cytokines and proinflammatory molecules, therefore supporting the view that killer caspases play a significant role in the activation of microglia. Since unregulated response or overactivation of microglia can have disastrous neurotoxic consequences, especially to the dopaminergic system [41, 100] , we also tested the ability of intranigral administration of IETD-fmk, a caspase-8 inhibitor, to prevent microglia activation and preserve the integrity of the dopaminergic system in the MPTP-lesion mouse model of PD. We found that caspase-8 inhibition in vivo significantly reduced the density of activated microglia and promoted a modest but yet significant protection of the nigrostriatal dopaminergic system. Consequently, we concluded that caspases-8, -3 and -7 control microglia activation and neurotoxicity [97] . To confirm that these findings may have physiopathological consequences in chronic neurodegenerative diseases, we analyzed postmortem frontal cortex and ventral mesencephalon from patients who have been diagnosed with AD and PD, respectively. Evidence of extensive inflammatory response in these two diseases is well documented [101] . We monitored the expression of cleaved caspase-3 and cleaved caspase-8, which correspond to the active forms of these enzymes, and the microglia marker CD68 in the referred brain areas and found significant cytoplasmic expression for these two active caspases in the PD ventral mesencephalon and in the AD frontal cortex, as compared with controls. The broad use of caspase inhibitors has been traditionally aimed at preventing apoptotic neuronal death under different lesion paradigms. Little attention has, however, been paid to the glial response in response to in vivo administration of caspase inhibitors. Recently, Chauvier et al. [102] have developed a pentapep tide-based group II caspase inhibitor, TRP601/ORPHA133563, which reaches the brain, and inhibits caspase activation in vivo. This study demonstrated that pharmacological inhibition of caspases-2 and -3 with TRP601 reduces cortical and white matter damage in three different models of neonatal brain damage after excitotoxicity, arterial stroke and hypoxiaischemia. Worth a notice, in all of these experimental paradigms, TRP601 also reduces microgliosis, the inflammatory response to brain ischemia. In accord with these results, Al-Jamal et al. [103] have developed a unique nonviral gene vector based on functionalized carbon nanotube to deliver caspase-3 siRNA in a rodent model of focal ischemic cortical damage and found reduced neurodegeneration and increased functional preservation. The authors demonstrated that the functional carbon nanotubes can effectively transport siRNA into primary neurons [103] . It would be interesting to investigate whether there is an uptake of this biomaterial by microglial cells and a potential subsequent effect of the inflammatory response. In fact, severe nanotube structure deformation in vivo led to their internalization by microglia [104] . It is to conclude that selective caspase inhibition within the microglial cell population may offer a new tool to modulate the brain immune response exacerbated in numerous neurodegenerative diseases.
Apoptotic Caspases during Development
Gene ablation of caspase-8 results in embryonic lethality around embryonic day E10.5, a finding supporting a prosurvival role for this protein during development [105] . Near-identical consequences are found after knocking out FADD [106, 107] and FLIP [108] , thus raising a common prosurvival role for these proteins. Several studies have shown that Fas or TNFR activation leads to necrotic cell death upon caspase inhibition in various cell lines including L929 mouse fibroblasts, mouse embryonic fibroblasts, and Jurkat T cells [109] [110] [111] . Accumulating evidence supports an essential role of the serine/threonine kinases RIPK1 and RIPK3 in caspase-independent necrosis [109, 110] termed 'programmed necrosis' or 'necroptosis' (for reviews, see Lee et al. [112] , Feoktistova et al. [113] and Moquin and Chan [114] ). Interestingly, two independent studies recently demonstrated that the development of caspase-8-deficient mice is completely rescued by ablation of RIPK3 [115, 116] . The ability of RIPK3 ablation to rescue the lethal phenotype of caspase-8 deletion in mice suggests that one essential role for caspase-8 during development is to suppress RIPK3-dependent necrosis. In addition, the adult animals displayed a sign of a progressive lymphoaccumulative disease, a view compatible with a nonapoptotic role of caspase-8 in immune cell proliferation [115, 116] . Caspase-8 acting in a proteolytically active complex with FLIP L prevents RIPK3-dependent necrosis [115] . FLIP is a transcriptional target of NF-κB [117] , and caspase-8 and FADD have also been reported to be required for NF-κB activation and proliferation in microglia, T lymphocytes and B cells, in response to the innate pattern recognition receptors TLR3 and TLR4 [97, [118] [119] [120] . It is, therefore, not surprising that some authors have sought to explain the defects observed in embryos and immune cells deficient in caspase-8, FADD or FLIP by the implication of these proteins in the induction of NF-κB signaling [120] . Consequently, new nonapoptotic roles of caspase-8 in regulating innate and adaptive responses are strongly emerging during development and adulthood. The old-established classification of caspases separating inflammatory and apoptotic caspases probably will need a redefinition in future years. In the mean time, there is a long road to fully establish the precise roles of killing caspases in regulating immune responses. 
Perspectives
In this review, we have highlighted the original role for apoptotic caspases-8, -3 and -7 in the activation of microglia and associated neurotoxicity besides the established role of the so-called inflammatory caspases ( fig. 2 ) . We also shed light into the other nonapoptotic roles of caspase-8 in the differentiation and activation of myeloid and lymphoid cell lineages including lymphocytes and monocytes/macrophages. Given the expanding evidence supporting a key role for the peripheral inflammation in the regulation of brain inflammation [121] and the deleterious roles of infiltrating peripheral leukocytes in acute and chronic conditions, the role of caspase-8 should be considered in the context of the whole inflammatory brain response given the mutual nonexclusive interactions among these cells. Leukocyte infiltration is considered as a rather expected outcome during acute lesion models (e.g. stroke). Studies support this view in animal models of chronic neurodegenerative diseases. For instance, radiation bone marrow chimera has been used to demonstrate extensive myeloid GFP-positive cells in the proximity of amyloid plaques in transgenic animal models of AD [122, 123] . Consequently, any intervention aimed at targeting caspase-8 should consider the overall effect of this initiator caspase in the different inflammatory cellular phenotypes.
Whatever interventions are aimed at modulating/influencing the microglial function, one should consider the dual role of microglia (beneficial vs. detrimental). Microglia and macrophages can be classified into at least two subsets with distinct molecular phenotypes and effector functions depending on the activation pathway. The 'classically activated' proinflammatory M1 macrophages, activated by LPS and by the proinflammatory cytokine IFN-γ, produce high amounts of oxidative metabolites, proteases and proinflammatory cytokines. They play a central role in the host defense against pathogens and tumor cells, but they can also damage healthy cells such as neurons and glial cells. In contrast, M2 macrophages or 'alternatively activated', induced by IL-4 and IL-13, exhibit anti-inflammatory properties and promote tissue remodeling/repair and angiogenesis [124] . We have demonstrated the involvement of cleaved caspase-8 in classically activated proinflammatory M1 macrophages. The role of caspase-8 in alternatively activated M2 macrophages remains to be established. Lalanncette-Hebert et al. [125] , using transgenic mice exhibiting the selective ablation of proliferating microglia, demonstrated a protective role for microglia after middle cerebral artery occlusion. The selective ablation of proliferating microglial cells after transient middle cerebral artery occlusion was associated with a marked deregulation of postischemic brain inflammatory response, an increase in the size of the ischemic lesion and a significant increase in the number of apoptotic cells, predominantly neurons, and a significant decrease in the levels of the neurotrophic factor IGF-1, expressed by Mac-2-positive/proliferating microglia in the areas around the ischemic lesion. It remains to be analyzed whether caspase-8 plays a significant role in Mac-2-positive/proliferating microglia in acute and chronic injury conditions. Further studies involving selective in vivo gene targeting of caspase-8 specifically in microglia are necessary to ascertain the precise role of this caspase in orchestrating the heterogenous microglia cell responses.
Given the extremely wide range of functions of caspases, it is plausible to consider the usefulness of targeting caspases as a therapeutic strategy. Killing caspases are emerging as a key player in the regulation of the immune responses and interventions aimed at minimizing caspase-dependent brain inflammatory responses are certainly hopeful. We recently reported that the intranigral administration of fmk-derivative tetrapeptide caspase inhibitors -DEVD-fmk targeting caspases-3/7 or IETD-fmk targeting caspase-8 -hindered in vivo microglia activation [97] . The required administration mode for these caspase inhibitors certainly limits their use in a clinical setting. Furthermore, fmk metabolizes in the liver to form fluoroacetate, an extremely toxic poison [126] . Newer third-generation caspase inhibitors are, however, promising tools as their toxicity has been greatly reduced. However, we should be careful when inhibiting caspase-8 since its activity prevents cells from inducing programmed necrosis, a condition that could be relevant under inflammatory conditions.
In conclusion, this review is opposed to the idea that caspases would be players put together in different groups based on their talent in different areas of the game to be played within the cell; the cell represents the entire playing field, and depending on the action undertaken, the caspases that form a team will coordinate actions to fulfill the goal to be achieved in the cell.
